Radio pulsars are often used as clocks in a wide variety of experiments. Imperfections in the clock, known as timing noise, have the potential to reduce the significance of, or even thwart e.g. the attempt to find a stochastic gravitational wave (GW) background. We measure the timing noise in a group of 129 mostly middle-aged pulsars (i.e. characterstic ages near 1 Myr) observed with the Parkes radio telescope on a monthly basis since 2014. We examine four different metrics for timing noise, but it remains unclear which, if any, provides the best determination. In spite of this, it is evident that these pulsars have significantly less timing noise than their younger counterparts, but significantly more than the (much older) millisecond pulsars (MSPs). As with previous authors, we find a strong correlation between timing noise and the pulsar spin-down rate, ν. However, for a given ν there is a spread of about a factor 30 in the strength of the timing noise likely indicating that nuclear conditions in the interior of the stars differs between objects. We briefly comment on the implications for GW detection through pulsar timing arrays as the level of timing noise in MSPs may be less than predicted.
INTRODUCTION
The rotation of a pulsar, coupled with a narrow beam of radio emission emanating from a small region around the magnetic poles, means that an Earth-based observer sees a regular pulse of radio emission once per rotation. This clock-like behaviour of pulsars has a wide variety of applications, from the testing of theories of gravity (e.g. Kramer et al. 2006; Stovall et al. 2018; Cameron et al. 2018) to possible detection of the stochastic background of gravitational waves (Shannon et al. 2015; Arzoumanian et al. 2018) . However, the clocks are far from perfect even after taking into account braking torques and other effects and it is known that the young pulsars have imperfections in their rotation rate which are much larger than those of the older, millisecond pulsars (Shannon & Cordes 2010) . These are attributed to irregularities in the rotation of the neutron star itself, likely caused by the imperfect coupling between the crust of the star and its superfluid interior (Jones 1990; Melatos & Link 2014) or due to changes in the conditions in the magnetosphere, either intrinsically (e.g. Lyne et al. 2010; Brook et al. 2016) or extrinsically (Brook et al. 2014 ) driven.
A number of different diagnostic tools has been used over the years to measure the timing noise in pulsars; we consider four such diagnostics here. Following pioneering work by Cordes & Helfand (1980) who first derived a quantitative measure of timing noise, Arzoumanian et al. (1994) measured the timing noise in a large E-mail: nakornping.namkham@gmail.com sample of pulsars. They defined the metric ∆ 8
where ν is the pulsar's spin frequency and T is the total observing span which in the case of the observational sample of Arzoumanian et al. (1994) was 10 8 s. However, this metric cannot be used to compare pulsars with different observation lengths, T, as in general ν is a complex function of T. Hobbs et al. (2010) used a metric, σ z , originally from Matsakis et al. (1997) , based on the Allan variance of terrestrial clocks:
which uses the average magnitude of ν over short time spans, T. Again, σ z depends on the time-span. As Hobbs et al. (2010) showed, if the power spectral density of the timing residuals is itself a powerlaw with spectral index α R then
We also use the braking index, n, as a diagnostic. n is defined as
For simple magnetic braking, one expects a constant n = 3 over time, but this is only true for a small number of pulsars (Espinoza et al. 2017) . Instead, for many pulsars, the ν term is dominated by the timing noise resulting in large, time-dependent positive and negative values of n (Johnston & Galloway 1999) . Note that equation 4 does not contain T explicitly, but as for ∆ 8 , ν varies with time. However, if all pulsars are observed over the same time-span T, then effectively ∆ 8 ∝ ν/ν and σ z ∝ ν which can be compared directly with n. Shannon & Cordes (2010) claimed that using ν directly tended to underestimate the timing noise and preferred a simpler metric which depended on the rms of the residuals of the times-of-arrival (ToA) after fitting for ν and ν only. They defined their metric, σ 2 TN , as σ
where σ R is the measured rms of the residuals and σ W is the typical ToA error for a given pulsar. Shannon & Cordes (2010) used σ TN , measured for a large number of pulsars, to derive a generic measure, σ M , for the timing noise based on the spin parameters.
They used a large compilation of timing noise values from the literature and found that K = 7 ± 4, a = −0.9 ± 0.2, b = 1.00 ± 0.05 and c = 1.9 ± 0.2 provided the best fit for the 'normal' pulsars, i.e. those which are neither magnetars nor millisecond pulsars. They also recognised that there was a large scatter in σ M for pulsars with similar spin parameters. Finally, Parthasarathy et al. (2019) have examined the timing noise of young pulsars using a Bayesian approach which fits simultaneously for the timing parameters and a power-law representation for the spectrum of timing noise. They find a mean value of −5.2 for the spectral index. Overall, their results are generally in line with those found by Shannon & Cordes (2010) . In this paper we examine the timing noise in a group of 129 mostly middle-aged pulsars (i.e. ages near 1 Myr) observed with the Parkes radio telescope on a regular basis since 2014. In Section 2 we briefly describe the observations and the data analysis, Section 3 presents the results, the implications of which are discussed in Section 4.
OBSERVATIONS AND DATA ANALYSIS
Starting in 2007, under the auspices of Parkes project P574, we have observed non-millisecond pulsars with a monthly cadence. Prior to 2014 the sample largely contained young pulsars with a spin-down energy, E greater than 10 35.5 ergs −1 (?). Since 2014 January, the sample was augmented by a sample of bright, low E pulsars and it is this sample that we discuss here. Table 1 shows the basic parameters for the 129 pulsars in our sample. The table lists ν and ν, the spindown energy, E = −4π 2 Iν ν, the characteristic age, τ c = −ν/(2 ν), and the magnetic field strength, B = 3.2 × 10 19 ν −3/2 ν 1/2 .
The data are taken and analysed using the methods extensively described in ? and ?. In brief, we use the Parkes radio telescope to observe at a centre frequency of 1369 MHz with a total bandwidth of 256 MHz subdivided into 1024 frequency channels. Observations are folded at the topocentric period of the pulsar and dedispersed then accumulated into 30 s of data termed subintegrations. Typical observations are 180 s in duration (i.e. 6 subintegrations). Observations of a calibrator signal and of the sky-calibrator Hydra A allow polarization and flux density calibration.
For the purposes of this work, the data are excised of interference, calibrated, and then summed in both frequency in time to provide a single high-fidelity pulse profile per observation. Using standard techniques made available via the package (?), the profile is then compared (in the frequency domain) with a high signal-to-noise template to produce a ToA and associated error bar. The ensemble of ToAs for a given pulsar are then compared against a timing model using the package 2 (Hobbs et al. 2006) . We initially derive a best-fit model using only ν and ν and compute the rms of the residuals, σ R for use in Equation 5. We then fit for ν and its error, necessary for the computations of Equations 1, 2 and 4. We use the F-test to determine whether the fitting of an extra parameter is justified. We find that, where 2 returns a significant value of ν, in all but a handful of cases the F-test is passed at the 95% (2-σ) confidence level. We therefore retain all the 2 values, noting that some false positives may occur but this does not affect our overall conclusions. Table 2 shows the results of the fitting. The table gives the time span of the observation (in years) followed by the median ToA error, σ W , in µs. σ TN is given in column 4; for pulsars with σ R < 2σ W we set an upper limit to σ TN of 2σ W (see equation 5). The sign of ν is listed along with the logarithm of its value. For pulsars for which the significance of ν is less then 2-σ, according to 2, we set an upper limit equal to 2-σ. Otherwise we quote the 1-σ error bar as reported by 2 converted into log. The final four columns list n, σ z , ∆ 8 and σ M . The error bars on σ z , ∆ 8 and n are entirely dominated by the error in ν and therefore have the same value in the log as the error on ν as they all depend linearly on ν.
RESULTS
Although the majority of pulsars have been observed for 4 yr, for 16 of pulsars the dataset extends up to 15 yr. Table 2 simply shows the values of σ z and ∆ 8 as given by equations 2 and 1 with the appropriate values of T. However, for these 16 pulsars, we subdivided the data into 4 yr blocks (with partial overlap) and computed σ TN and ν in each block. We then recomputed σ z , ∆ 8 and n using the average of ν and with T = 4 yr. Results are shown in Table 3 which has a similar format to Table 2 .
DISCUSSION
There are a number of pulsars with high values of σ TN yet with only an upper limit on ν. These pulsars therefore have residuals which are not dominated by a cubic, and this is particularly noticeable in the pulsars with long time-spans. Examples are PSRs J0034−0721, J0536−7543, J1456−6843 and J1705−1906. The residuals in the first 3 pulsars are dominated by high-frequency noise, with ToAs close together in time showing large offsets compared to the error bars. This is most likely due to profile variability (two of these pulsars are known to be mode-changing). The post-fit residuals for PSR J1705−1906 are shown in Figure 1 . The absence of a significant cubic term perhaps indicates that the behaviour of the timing noise is not power-law like in this pulsar (see also Hobbs et al. 2010) .
For the 88 pulsars for which we measured a significant value of ν, 51 have positive values and 37 negative values. If ν were simply a measure of the cubic term in the residuals, one would expect equal numbers of positive and negative values. As Johnston & Galloway (1999) pointed out, if glitch recovery from an unseen glitch in the past dominates the residuals then positive values of ν are expected. The slight bias towards positive values in our sample, with less than a 20% probability of obtaining 51 positive values by chance, likely implies that at least some of the pulsars have had glitches in the not too distant past. Figure 2 shows ∆ 8 versus the pulsar period derivative, P, for our sample of pulsars. Note that we use values of ∆ 8 for T = 4 yr in order to provide a uniform sample. A straight line fit to the data (without the upper limits included) yields a slope of 0.64 and a correlation coefficient (cc) of 0.59. Arzoumanian et al. (1994) and Hobbs et al. (2010) also found a strong correlation between ∆ 8 and P, with similar values of cc and the slope. As was noted in the introduction, ∆ 8 cannot easily be extended for use in pulsars with different values of T. This implies that for a homogeneous data set such as we have here, ∆ 8 provides a good measure of timing noise but it is not trivial to compare between data sets or to compare pulsars with different observational time-spans. Figure 3 shows σ z versus various pulsar parameters, again using the T = 4 yr sample. In this figure we only include those pulsars for which the significance of ν is more than 2-σ. As expected, there is a correlation between σ z and ν (cc = 0.51) though this is weaker than that found by Hobbs et al. (2010) as is the cc = −0.52 determined between σ z and τ c . According to Melatos & Link (2014) , the quantity σ z ν ν −1 should be independent of ν. This relationship is shown in Figure 4 ; the correlation coefficient is −0.31 and there remains a slight tendency for pulsars with lower ν to have higher σ z ν ν −1 . There is a large spread in values for a given ν. Melatos & Link (2014) attribute this spread to variations in the degree of turbulence in the interior fluid of the neutron star. We can also investigate the time dependence of σ z by comparing the T = 4 yr result in Table 3 with the longer time-spans from Table 2. The exponent of the time dependence, α z , is listed in Table 3 . Excluding PSR J0536−7543, the mean value of α z is 1.0, which from equation 3 implies α R = −5 for the power spectral density of the residuals. This value of α R is consistent with the results of Parthasarathy et al. (2019) who found a mean value for α R of −5.2. For three of the brightest pulsars in our sample we can further investigate σ z as a function of T by subdividing the data into 1 yr segments (due to our monthly sampling it is not possible to get shorter segment lengths). This confirms the shallow value of α z for PSR J1845−0434, the moderate value for PSR J0738−4042 and the large α z for PSR J0729−1836, again in line with the spread of values seen by Parthasarathy et al. (2019) . Figure 5 shows n versus the pulsar parameters. Generally there is a very strong correlation between n and the pulsar parameters with cc = −0.80 with ν, cc = 0.80 with τ c and cc = −0.71 with E. n can therefore be used as a metric for timing noise, but as n has no obvious scaling as a function of T, it cannot be compared easily across data sets. It can be seen that the values for n in Table 3 are (in all cases) greater than the values of n in the longer data spans from Table 2 . It should also be noted that ranking pulsars via n gives a very different set of objects to ranking on σ z or σ T N . Figure 6 shows σ TN versus the pulsar parameters for 91 pulsars with significant values. Again the correlation coefficients between σ TN and the pulsar parameters are weak. We can investigate the time dependence of σ TN by comparing the T = 4 yr result with the longer time-span data. The exponent of the time dependence, α TN Timing noise in pulsars 7 Table 3 . Results over a 4 yr timespan for the 16 pulsars with T > 10 yr from Table 2 . is given in Table 3 . The expectation from Shannon & Cordes (2010) is that the value of α TN should be 1.9. Although there is a large spread in α TN , the mean of the values is indeed 1.9 after removing the three pulsars with non-cubic residuals discussed earlier. Figure 7 shows σ TN versus the best model fit from Shannon & Cordes (2010) given by σ M in Tables 2 and 3 . Although the correspondence between the model and the data is good, there is a large spread of observed values around a given σ M , typically of the order of 1.5 dex. This was also recognised by Shannon & Cordes (2010) and incorporated into their parameter δ. We attempted our own fit to equation 6, in a similar way to that performed by Parthasarathy et al. (2019) . We find a maximum correlation coefficient of 0.62 for a = −1.7, b = 1.0. This is a much steeper dependence on ν than found by either Hobbs et al. (2010) or Shannon & Cordes (2010) , and, given that P = ν −2 ν, shows that σ TN also depends much more strongly on P than any other pulsar parameter.
This has implications for the potential detectability of gravitational waves via the timing of millisecond pulsars. Let us take a typical old pulsar from our sample, PSR J0206−4028 which has ν = 1.59 Hz and ν = −3.0 × 10 −15 s −2 . After 10 yr of timing, σ TN is 1500 µs. We can scale σ TN to a typical millisecond pulsar with ν = 200 Hz and ν = −1.0 × 10 −15 s −2 , via equation 6. Using the scaling relation of Shannon & Cordes (2010) , we predict σ M of 6 µs, whereas using our scaling relationship which has a much steeper dependence on ν we obtain 0.14 µs. This is much closer to the observed values, which are typically below 1 µs for the majority of the millisecond pulsar population and below 0.2 µs for about 50% of the sample (Shannon et al. 2015; Lam et al. 2017) . Indeed, Lam et al. (2017) also conclude that the dependence on ν is much steeper than suggested by Shannon & Cordes (2010) . We therefore conclude that timing noise remains a factor in millisecond pulsar timing, but less so than once feared. In addition, the large spread in timing noise for given pulsar parameters should mean that there exists some millisecond pulsars with extremely low levels of timing noise.
SUMMARY
We have used regular observations of a group of 129 mainly middleaged pulsars with the Parkes radio telescopes to measure the timing noise properties of this class of pulsar. We have examined four different metrics for measuring timing noise. Three of these, ∆ 8 , σ z and n rely on the measurement of ν using the timing package 2. The fourth, σ TN , merely measures the rms residuals after fitting only for ν and ν. All the metrics depend on the time-span of the observations in a way that is difficult to quantify and which is likely to be different for different pulsars. We have shown that n gives the tightest correlation with other pulsar parameters, particularly ν. The parameterisation, σ M given in Shannon & Cordes (2010) gives a reasonable fit to the data although there is a significant spread in σ TN for any given σ M . This can be attributed to different nuclear conditions within the different stars as proposed by Melatos & Link (2014) and possibly for evidence for superfluid turbulence in the stellar interior. Finally, in spite of the simplicity in measurement, all of these metrics appear flawed in relying directly on fluctuations in the ToA residuals. A more robust approach would be to model the timing noise as e.g. a red noise process and directly fit for the model along with all the other timing parameters. A full-blown Bayesian method, which incorporates such an approach has been used by Lentati et al. (2016) for millisecond pulsars and by Parthasarathy et al. (2019) for young pulsars. Although computationally expensive, it appears to provide the best mechanism for quantifying timing noise directly.
